. Several hypothalamic cell groups system, resulting in increased thermogenesis and endirectly innervate the sympathetic preganglionic cell ergy expenditure. We investigated hypothalamic pathcolumn, including the lateral hypothalamic area, the ways underlying leptin's effects on stimulating the paraventricular nucleus (PVH), the dorsal hypothalamic sympathetic nervous system. We found that leptin acarea, and the retrochiasmatic area ( 
POMC and CART neurons have a similar distribution in the lateral Arc and RCA. We therefore hypothesized that these peptides might be coexpressed in a population of Arc and RCA neurons. In the current study, we investigated the distribution of leptin-activated neurons that innervate sympathetic preganglionic neurons in the thoracic spinal cord. We also investigated the overlap of CART and POMC systems in the rat hypothalamus, as both systems are regulated by leptin. Finally, we investigated whether CART or POMC neurons in the lateral Arc and RCA may underlie leptin's stimulatory effect on the sympathetic nervous system.
Results

CART and POMC mRNAs Are Coexpressed in Hypothalamic Neurons
Using double-label in situ hybridization, we found a high percentage of CART and POMC mRNA coexpression in neurons in the RCA and in the lateral Arc. The CART mRNA was detected with a digoxigenin-labeled riboprobe and the POMC mRNA with a 35 S-labeled riboprobe and autoradiography. Specifically, Ͼ90% CART-containing cells also contained POMC mRNA in the RCA Table 1b). thalamus. Scale bar, 1 mm.
previously (Koylu et al., 1998), we found a very high ␣-MSH-IR and CART-IR Are Found in the IML
To assess the innervation of sympathetic preganglionic density of CART-IR in the IML and around the cc of the spinal cord ( Figure 3D ). neurons, we analyzed the distribution of ␣-MSH-and CART-immunoreactive fibers in the upper thoracic level of the spinal cord in six unmanipulated rats. The ␣-MSH-
Distribution of Retrogradely Labeled Cells
To investigate candidate leptin-sensitive cell groups of immunoreactive fibers were relatively dense in the intermediolateral cell column (IML) and around the central the hypothalamus that innervate sympathetic preganglionic neurons, we injected the retrograde tracer Fluorocanal (cc) ( Figure 3A) . In both sites, we observed varicosities and terminal arborizations characteristic of specific gold (FG) into the rostral thoracic spinal cord centered on the IML. In ten cases, FG injections included the IML innervation ( Figures 3B and 3C ). In addition, we observed a few fibers in the substantia gelatinosa but noin the T1-T4 levels of the spinal cord ( Figure 3E ). The distribution of cells containing FG-like immunoreactivity where else in the spinal cord. In addition, as described (FG-IR; retrogradely labeled neurons) in the hypothalacaudal part of the dorsomedial hypothalamic nucleus, parvicellular subdivisions of the PVH, the ventral premus following these injections was similar to those previously reported (Saper et Table 2 ). Additionally, some of the leptin-activated cells in the PVH gradely labeled cells were also found in a continuum that included the RCA and the lateral divisions of the Arc also contained CART-IR (see Table 2 ). and the region ventral to the ventromedial hypothalamic nucleus ( Figures 2D, 2F, and 4) Figures 3D-3F and 5) .
rons in the RCA and Arc of normally fed rats. However, The total number of retrogradely labeled cells constitutas in all in situ hybridization and immunohistochemical ing this group is far less than the total number of cells studies, it is possible that our methods are not sensitive in the PVH. However, over 70% of these retrogradely enough to account for all neurons containing CART or labeled cells contained leptin-induced Fos-IR (Table 3) cells are coexpressed in the Arc and RCA, some of the have identified a specific pathway that is activated by leptin and may be involved in producing its effects. CART innervation of the IML likely also comes from the Arc.
Our results confirm previous findings that leptin activates nuclear groups in the rat brain thought to be in- CART neurons that are positively regulated by leptin. matsu et al., 1993), suggesting that the VMH is critical in activating BAT. However, the VMH itself does not The most likely physiological target for the RCA projection to the T1-T4 cord is preganglionic sympathetic provide a substantial direct innervation of sympathetic preganglionic neurons, as we observed very few retroneurons regulating interscapular BAT. BAT plays an integral role in regulating body temperature, energy expengradely labeled cells in the VMH in our studies. It is likely that in the aforementioned stimulation studies, the diture, and diet-induced thermogenesis (Lowell and Flier, 1997). The importance of BAT on body weight CART-containing cells ventral to the VMH were also stimulated. Therefore, it is plausible that the effective regulation is demonstrated by the fact that genetic ablation of BAT results in obesity, hyperphagia, and hyperstimulations reported in these studies overlapped with the leptin-sensitive projection that we have identified in leptinemia (Lowell et al., 1993; Lowell and Flier, 1997). Sympathetic innervation is critical for maintaining the this study. In agreement with this hypothesis, studies using the monosodium glutamate (MSG) lesion model thermogenic capacity of BAT following cold exposure or forced overfeeding (Rothwell and Stock, 1984) . The have demonstrated that the obesity in this model is a result of decreased energy expenditure. As these lesions innervation of BAT in the rat is thought to largely come from the first four intercostal nerves (Foster et al., 1982) . affect primarily the Arc in the hypothalamus, these findings suggest that the Arc is critical in regulating energy The exact levels of the IML supplying preganglionic neurons to this innervation have not been definitively shown; expenditure. Moreover, MSG-lesioned rats respond to leptin to decrease food intake. However, these rats do however, injection of the trans-neuronal tracer pseudorabies virus into the interscapular BAT results in dense not respond to leptin to decrease body weight and fat The protocol utilized for combined in situ hybridization and immuno-(1:50,000). The injection sites were incubated in FG rabbit primary histochemistry was a modification of that described previously antisera (1:20,000 in PDT; Chemicon, Temecula, CA). After washing (Chan and Sawchenko, 1995; Kelly and Watts, 1996). Tissue sections in PBS, sections were incubated in biotinylated donkey anti-rabbit were first processed for immunohistochemistry for FG as described IgG (CART or FG) or biotinylated donkey anti-sheep IgG ␣-MSH above except that normal serum was removed and replaced with (1:1,000; Jackson Laboratories, Bar Harbor, ME) and avidin-biotin 1% bovine serum albumin, 5.0 mg/ml heparin (Sigma), and RNasin complex (ABC; 1:500 in PBS; Vector Elite Kit) for 1 hr. After that, the (35 U/ml; Promega). Sections were then processed for POMC in situ tissue was incubated in 0.04% diaminobenzidine tetrahydrochloride hybridization. (DAB; Sigma) and 0.01% hydrogen peroxide dissolved in PBS. The DAB reaction product was intensified by using a silver-gold intensifi- containing leptin-induced Fos-IR and CART-IR were counted in the 1:100,000) followed by biotinylated goat antirabbit IgG (1:1,000; Vec-RCA and two levels of the lateral Arc. Similarly, the relative number tor, Burlingame, CA). Sections were then incubated in ABC; Vector of cells containing CART mRNA or CART-IR that also contained Elite Kit; 1:500) and reacted with DAB, nickel sulfate and cobalt POMC mRNA in the RCA and Arc were also estimated. These data chloride (Fisher Scientific, Pittsburgh, PA), and hydrogen peroxide.
Estimates of Cell Counts
were not corrected for double counting or using a stereological Tissue sections were next exposed to FG raised in rabbit (1:20,000) technique, because the objects we were counting (nuclei and retroand processed as described above.
gradely labeled or immunocytochemically stained cells) did not An adjacent series was stained for Fos immunohistochemistry, change in size, and section thickness did not vary between groups. except that the nickel and cobalt solutions were omitted. The secHence, as all double-label studies are inherently qualitative, our tions were next incubated in CART primary, biotinylated antisera results are meant to provide relative data but are not meant to be and in Cy3-conjugated streptavidin for 1 hr (1:200; Jackson Laboraaccurate estimates of absolute cell counts. tories). The Fos-IR was observed with brightfield optics, the CART-IR using the rhodamine filter and the retrogradely labeled using the Production of Photomicrographs UV filter system. 
